Bacteria of the genus Desulfovibrio are able to use a number of electron acceptors, such as sulfate, thiosulfate, sulfur, nitrate, nitrite, and others, for growth and respiration (5, 14, 22) . Additionally, various strains have been shown to enzymatically reduce metals such as chromium(VI), manganese(IV), iron(III) (9) , technetium(VII) (6, 7) , and uranium(VI) (10) . Often, the change in the redox state alters the toxicity or solubility of the metals (9) . In particular, the microbial reduction of U(VI) has the potential to convert the metal from a soluble form into the insoluble mineral uraninite, thus providing a possible mechanism for the removal of contaminating uranium from groundwaters. Therefore, knowledge of the reductase responsible for this conversion, its regulation, and the flow of electrons available to the enzyme might allow predictions of the efficiency of the process in a defined environment or might provide a basis for the augmentation of soils for remediation.
Progress in identifying the U(VI) reductase of sulfate-reducing bacteria has been made by in vitro experimentation (11) . Cell extracts from Desulfovibrio vulgaris strain Hildenborough containing hydrogenase and the tetraheme cytochrome c 3 were capable of U(VI) reduction with hydrogen as the source of electrons. Furthermore, when these cell extracts were passed over a cation-exchange column to remove cytochrome c 3 , the U(VI) reduction capacity of the cell extracts was also removed. The addition of purified cytochrome c 3 to the treated extracts restored their metal reduction capability. Thus, the pathway of electron flow to U(VI) in D. vulgaris strain Hildenborough with hydrogen as the donor was suggested to be hydrogenase to cytochrome c 3 to U(VI) (11) . It remained to be determined whether this was the route of U(VI) reduction by Desulfovibrio in vivo and whether alternate pathways might function. The potential for multiple pathways is supported by biochemical and sequencing data demonstrating that Desulfovibrio species have several c-type cytochromes (1, 3, 12; John Heidelberg, personal communication). In addition, polyhemic c-type cytochromes that have bis-histidinyl coordination of the heme iron atoms have been shown to have a general capacity for the reduction of metal oxyanions (8) .
U(VI) reduction by a cytochrome c 3 mutant. To determine if cytochrome c 3 was essential for U(VI) reduction, a cytochrome c 3 mutant of D. desulfuricans strain G20 (20, 21) , named I2, was assayed for its ability to reduce U(VI) enzymatically. The cytochrome c 3 mutant I2 was constructed by the integration of a plasmid into the monocistronic chromosomal copy of cycA directed by a 259-bp internal fragment of the cycA gene (16) . Cells were grown anaerobically in medium (LS) containing lactate (60 mM) as the primary electron donor and carbon source and sodium sulfate (50 mM) as the terminal electron acceptor (15) . Kanamycin (175 g/ml) was added to all media used to grow I2 to select for maintenance of the inserted plasmid. Since suppressors that restore cytochrome c 3 have been shown to accumulate in I2 cultures after extended time in stationary phase (16) , special care was taken throughout all manipulations to monitor the status of the mutant. I2 cultures were always started from freezer stocks and were subcultured no more than twice, typically after 16 h at 31°C, before being tested for U(VI) reduction. Western analysis of a subsample of the I2 cultures used in these assays showed that detectable cytochrome c 3 had not been restored (data not shown).
To prepare cells for the assay of U(VI) reduction, earlystationary-phase cultures (with an optical density at 600 nm of about 1.0 when grown on complete LS medium) were harvested by centrifugation at 6,000 ϫ g for 10 min and washed once in an equal volume of anaerobic sodium bicarbonate buffer. This buffer, 2.5 g of NaHCO 3 per liter, was always freshly made on the day before use, boiled under a CO 2 atmosphere for 20 min to degas it, and taken into an anaerobic chamber (atmosphere of N 2 -H 2 , 95:5; Coy Laboratory Inc., Grass Lake, Mich.) while it was still warm. On the day of the assay, the pH of the buffer was adjusted to 7.0 with 5 M HCl. The washed cell pellet was resuspended in 1 ml of this buffer inside the anaerobic chamber. To initiate the assay, a sample of the culture equivalent to 1.0 mg of total cell protein (2) was transferred to a tube containing 5 ml of an assay solution (1 mM uranyl acetate in anaerobic sodium bicarbonate buffer plus 10 mM Na pyruvate or Na lactate as the electron donor). For experiments investigating H 2 as the electron donor, other electron donors were omitted from the medium, the headspace (ϳ12 ml) of a Hungate tube (Bellco, Vineland, N.J.) was replaced with 100% H 2 , and the tubes were incubated horizontally to maximize the surface area for gas exchange. All assay solutions were incubated and sampled in the anaerobic chambers, which were maintained at 31°C. During the 24-h assays, the pH of the assay buffer increased less than 0.4 pH unit.
The reduction of U(VI) was followed by the disappearance of U(VI) from the assay solution, as shown with a kinetic phosphorescence analyzer (KPA-10; Chemchek Instruments, Richland, Wash.) (Fig. 1) . Samples of 100 l were removed at the times indicated in Fig. 1 , appropriately diluted with anaerobic H 2 O, and then transferred from the anaerobic chambers in chilled microcentrifuge tubes. The samples were mixed with Uraplex complexant, and the U(VI) concentration was determined with the kinetic phosphorescence analyzer according to the directions of the manufacturer (Chemchek Instruments), essentially by measuring the phosphorescence following excitation by a pulsed nitrogen dye laser and comparing the response to a standard curve. Since spontaneous reoxidation of U(IV) to U(VI) occurs under aerobic conditions, tests were made to determine whether reoxidation occurred during the dilution and reading of samples. None was detected in diluted samples left for over 2 h, although reoxidation did occur after the samples were left standing overnight.
D. desulfuricans strain G20, the parent of the mutant I2, was found to reduce U(VI) enzymatically with lactate, pyruvate, or hydrogen as the electron donor (Fig. 1) . The rate of reduction using the organic acids as the electron donor ( . To determine whether abiotic reduction occurred at an observable rate, heat-treated cells (prepared in assay buffer in a boiling-water bath for 20 min) were added to an assay mix in the presence of an electron donor or 3 mM sodium sulfide. An initial loss of about 10% of the U(VI) was sometimes observed. This decrease in U(VI) may have been due to a nonenzymatic interaction between the U(VI) and the cell biomass, since no further U(VI) reduction was detected during the 24 h of this assay. No loss of U(VI) was observed with sulfide alone in this time frame.
The mutant I2 lacking cytochrome c 3 reduced U(VI) with hydrogen as the electron donor poorly, if at all (Fig. 1) . This observation supports the earlier report that cytochrome c 3 was necessary for U(VI) reduction by extracts of D. vulgaris when hydrogen was the source of electrons (12) . However, some reduction of U(VI) with hydrogen was consistently seen during assays of I2. Whether this resulted from a bypass of cytochrome c 3 or from the accumulation of small numbers of suppressors that restore cytochrome c 3 remains to be resolved following the isolation of a deletion mutant. Surprisingly, I2 was still capable of reducing U(VI) with lactate as the electron donor at a rate about one-half of that of the wild type and of reducing U(VI) with pyruvate as the electron donor at a rate of about 33% of that of the wild type ( Fig. 1 and Table 1 ). Clearly, pathways independent of cytochrome c 3 function in U(VI) reduction in D. desulfuricans strain G20 when organic acids provide the electrons. Previous experiments using sulfate as the electron acceptor showed that I2 grew at the same rate as the wild type with lactate as the electron donor but was impaired for growth with pyruvate as the sole electron donor (16). This result suggested that cytochrome c 3 was apparently involved in the transfer of electrons from pyruvate to sulfate to support growth but was not the sole carrier for electrons from lactate to sulfate. It was therefore expected that the cytochrome c 3 mutant would exhibit a greater aberration in U(VI) reduction with pyruvate as the electron donor than with lactate. This was the result observed. The contribution of toxic metal reduction to the physiology of the microbe remains to be established. Whether the reduction of U(VI) by Desulfovibrio is able to support the organism's growth is still controversial and may be quite strain dependent. Experiments with D. desulfuricans strain Essex 6 (ATCC 29577) were interpreted to show that this strain was unable to grow with U(VI) as the sole electron acceptor, although uranium did not seem to inhibit growth on sulfate until the uranium concentration in the growth medium was greater than 5 mM (10). However, a Desulfovibrio strain (18) and Desulfotomaculum reducens strain MI-1 (13) were reported to grow with U(VI) respiration.
To examine the ability of U(VI) reduction to support growth, it was first necessary to establish the toxicity level of the metal. In addition, a physiological role for heavy metal reduction has been proposed to be detoxification. Both issues were addressed by a comparison of the uranium inhibition of the growth of the parent with that of the I2 mutant to establish the inhibitory levels and to determine whether the mutant was now more sensitive to inhibition by the metal. Early-stationaryphase G20 or I2 cells were subcultured at a 1:10 dilution from LS medium into LS medium supplemented with various concentrations of uranyl acetate. After 24 h of incubation, changes in protein concentrations were used as the measure of growth (2) . Both G20 and I2 were capable of growth with up to 4 mM uranyl acetate present in the medium but were completely inhibited at 5 mM (Fig. 2) . Similar growth inhibition was seen when uranium was added as uranyl nitrate (data not shown). Thus, the uranium tolerance of these strains was similar to that reported for D. desulfuricans strain Essex 6 (10). Strain G20 consistently reached a slightly higher protein concentration than I2, similar to the 30% Ϯ 15% greater protein concentration that it achieved in LS medium in the absence of uranium (16) . Although concentrations of uranyl acetate at or above 5 mM in LS medium inhibited growth, viable cells of both G20 and I2 were recovered at concentrations up to 8 mM. To determine the MIC of uranium on solidified LS medium, 30 l of early-stationary-phase cells were streaked onto the surface of a plate containing a 0 to 5 mM gradient of uranyl acetate. No difference in levels of growth was detectable; both G20 and I2 failed to grow at or above 3 mM (data not shown). Interestingly, the MICs of uranyl acetate for the D. desulfuricans parental strain G20 and the mutant I2 in both liquid culture and on solidified medium were statistically the same. Thus, a higher rate of reduction did not appear to confer greater resistance.
To determine if D. desulfuricans strain G20 was capable of growth with U(VI) as the sole electron acceptor, G20 and I2 cells were grown to early stationary phase on LS medium and then subcultured at a 1:10 dilution into liquid or serially diluted and plated onto solidified medium containing uranyl acetate as the sole electron acceptor. This test medium was modified LS lacking sodium sulfate, yeast extract, cysteine, and sodium carbonate, with sterile uranyl acetate added after the autoclaving. To maximize the potential to observe growth, if any occurred, uranyl acetate was added at subinhibitory concentrations of 4 mM in liquid cultures and 2 mM on solidified medium. There was no measurable protein increase over the level in the noelectron acceptor controls after 24 h on liquid medium for either the parental G20 strain or for the cytochrome c 3 mutant I2 (data not shown). Neither G20 nor I2 formed colonies with uranyl acetate-supplemented solidified test medium after 1 month of incubation. Medium supplemented with cysteine to control redox supported the growth by both strains of tiny colonies that were not different in size with uranium present. Reduction of U(VI) could not be shown to support the growth of wild-type G20 or of the cytochrome c 3 mutant I2.
Future experiments may reveal an as-yet-unidentified physiological role for U(VI) reduction and the additional components capable of the transfer of electrons to this metal in the absence of the primary tetraheme cytochrome c 3 . A mutant with a deletion of the gene encoding cytochrome c 3 is currently being constructed to address these possibilities. 
